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The electron-transfer pathway for NO reduction in a photodenitrifier, Rhodobacter sphaeroides f. . denitrificans, was stud- 
ied. A sample of membrane proteins containing cytochrome bc, complex and NO reductase activity was prepared from 
chromatophores using cholate/deoxycholate asdetergents. The NO reductase activity was separated from the cytochrome 
bc, complex by ion-exchange chromatography in the presence of dodecyl maltoside. When duroquinol was used as an 
electron donor, NO was reduced in the bq-NO reductase preparation supplemented with cytochrome c2. The reduction 
was inhibited by antimycin and myxothiazol. These results indicate that the cytochrome bc, complex, cytochrome c, and 
membranous NO reductase are involved in the electron-transfer pathway from quinol to NO in this photodenitrifier. 
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1. INTRODUCTION 
Dentrification is an anaerobic bacterial respira- 
tion in which NOT is reduced to the volatile pro- 
ducts, NzO and Nz, via the intermediates, NO? and 
NO. It has previously been questioned as to 
whether NO is formed as a free intermediate in this 
process. Evidence has accumulated that NO is in- 
deed a free intermediate [l-5] and that NO reduc- 
tase is present in denitrifying cells grown anaero- 
bically in the presence of NO: [4,6,7]. It has been 
suggested that the NO reductase is tightly asso- 
ciated with the cell membrane [4,7-91, whereas 
dissimilatory NOT reductase which produces NO is 
located in the periplasmic space [lo, 111. Bio- 
chemical features of the NO reductase and the 
electron-transport system for NO reduction have 
not as yet been established. 
A photodenitrifier, Rhodobacter sphaeroides fs. 
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denitrificans, reduces NOT to Nz as an energy- 
transforming reaction other than 02 respiration 
and photosynthesis [ 121. The electron-transfer 
pathway for NO? reduction in the photodenitrifier 
has been shown to involve cytochrome bcl complex 
and cytochrome ~2, by reconstituting the NO;- 
reducing system with a cholate/deoxycholate pre- 
paration of the cytochrome bcl complex, cyto- 
chrome c2 and NO? reductase [131. Stoichiometric 
production of N20 from NO5 in the reconstituted 
system occurred, and the bcl complex preparation 
itself possessed NO reductase activity [4]. 
Here, we report that the NO reductase activity 
can be separated from ubiquinol : cytochrome c ox- 
idoredutase activity in a preparation of cytochrome 
bcl complex isolated by the method of Ljungdahl 
et al. [14]. The cytochrome bcl complex and 
cytochrome c2 were involved in the electron- 
transfer pathway for NO reduction from quinol. 
2. MATERIALS AND METHODS 
A green mutant strain of R. sphaeroides f.s. ddenitrificans 
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IL106 was grown under denitrifying conditions in light as in 
1131. Chromatophore membranes and cytochrome c2 were 
prepared after disruption of cells using a French press as in [ 131. 
Cytochrome bcl complex was isolated by two methods: one 
used cholate/deoxycholate as detergent and gel-filtration 
chromatography as reported in [15], where the resulting 
preparation had both ubiquinol :cytochrome c oxidoreductase 
and NO reductase activities; the other used dodecyl maltoside as 
detergent, and ion-exchange chromatography essentially as in 
[14], where ubiquinokcytochrome c oxidoreductase and NO 
reductase activities were separated by the first step of DEAE- 
Biogel A chromatography (fig. 1 and section 3). 
NO reduction activity was assayed by determining NzO pro- 
duced from NO as in (41 using duroquinol or ascorbate-reduced 
PMS as the electron donors. Ubiquinol:cytochrome c ox- 
idoreductase activity was assayed as in [16]. 
3. RESULTS AND DISCUSSION 
NO reductase of this organism has previously 
been suggested to form a complex with cytochrome 
bci complex from the result that the activity was 
found in a bci complex preparation with seven ma- 
jor peptides obtained after solubilization of 
chromatophore membranes by cholate/deox- 
ycholate and gel-filtration chromatography [4]. As 
shown in fig. 1, however, NO reductase activity was 
separated from ubiquinol : cytochrome c oxido- 
reductase activity by DEAE-Biogel chromato- 
graphy of membranes solubilized with dodecyl 
maltoside. Fractions with each activity were fur- 
ther purified by DEAE-Sepharose CL6B chro- 
matography as described [14], followed by 
Sepharose 6B gel-filtration chromatography. Ubi- 
quinol : cytochrome c oxidoreductase complex 
finally purified was composed of 4 polypeptides in 
SDS-polyacrylamide gel electrophoresis as de- 
scribed in [14]. The NO reductase preparation, so 
far as we obtained it, was composed of 7-8 poly- 
peptides. It showed no ubiquinol:cytochrome c 
oxidoreductase activity. These results suggest hat 
NO reductase is not tightly associated with the 
cytochrome bcr complex in the membrane. 
Preliminary studies showed that the activity of 
NO reduction to N20 with duroquinol as an elec- 
tron donor in chromatophore membranes was 
decreased in the presence of cholate/deoxycholate 
(0.05% each) by about 70%. This was probably 
owing to dispersal of cytochrome c2 from the vesi- 
cle interior; it was restored by addition of 
cytochrome cz externally (not shown). Activity was 
inhibited by 60% by antimycin and myxothiazol, 
which are inhibitors of ubiquinol:cytochrome c 
82 
At+ 
4- 
3- 
2- 
l- 
0 
Fraction No. (5 ml/tube) 
Fig.1. DEAE-Biogel A chromatography profiles of dodecyl 
maltoside extracts of chromatophores from R. sphaeroides f.
sp. denilrificans. Chromatophore membranes (360 mg protein) 
from denitrifying-cultured cells were solubilized with dodecyl 
maltoside and applied to a column (2 x 16 cm) of DEAE-Biogel 
A as described in [14]. Absorbance at 280 nm; absorbance at 850 
nm; (M) NO reductase activity; (W) ubi- 
quinol : cytochrome c oxidoreductase activity. 
oxidoreductase. These results suggested that the 
NO reduction system in the photodenitrifier in- 
volves cytochrome c2 and the cytochrome bcr com- 
plex. We studied this pathway further by 
reconstituting the NO-reducing system with a 
preparation of cytochrome bci complex with NO 
reductase (cholate/deoxycholate preparation) and 
cytochrome cz (fig.%). The activity of NO reductase 
was found to be dependent on the concentration of 
cytochrome cz. The apparent K,,, for cytochrome cz 
was calculated via non-linear least-squares fitting 
to be 3.4pM, with the V,,, value being 0.092 nmol 
NzO/s per nmol cytochrome cl. Almost equal 
values of Km and I/max were obtained when horse 
heart cytochrome c was used (not shown). 
Table 1 lists the effects of inhibitors of the 
cytochrome bcl complex on NO reduction and 
cytochrome cz reductase activity in the recon- 
stituted system. The concentration of cytochrome 
c2 used in the experiments was significantly lower 
than the optimal concentration for the activity of 
ubiquinol : cytochrome c oxidoreductase. This was 
because with higher concentrations of cytochrome 
c2 the rate of NO reduction by duroquinol was 
determined mainly by NO reductase itself. In table 
1, the NO reductase activity was inhibited about 
50% by the inhibitors, indicating the involvement 
of the cytochrome bcl complex in electron transfer 
from quinol to NO. The cytochrome c2 reductase 
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Fig.2. Dependence of NO reductase activity on concentration of 
cytochrome ~2. The reaction medium consisted of 50 mM Pipes- 
KOH (pH 7.0), the preparation of cytochrome bcr complex with 
NO reductase ([cytochrome cl] = 0.67 PM) and various 
amounts of cytochrome ~2. Gas phase was 3% (v/v) NO in 
argon gas. The reaction was initiated by the addition of duro- 
quinol (final concentration, 0.3 mM). 
activity was inhibited about 90% under the same 
conditions. This difference in percentage of inhibi- 
tion can also be explained by the notion that the 
rate for NO reduction can not only be determined 
by the cytochrome bci complex but also by NO 
reductase in the absence of inhibitors. In the 
presence of inhibitors, on the other hand, the rates 
of NO reduction were similar to those of 
cytochrome cz reduction when compared on a per 
electron basis (for this purpose the values of NO 
reductase activity in table 1 must be doubled, since 
two electrons are required for the production of 
one molecule of N20). This indicates that the rate 
for NO reduction was mostly determined by elec- 
tron transfer in the bcr complex under the condi- 
tions for inhibition. When ascorbate/PMS instead 
of duroquinol was used as the electron donor, no 
inhibitory effect of antimycin and myxothiazol was 
observed. 
In this photodenitrifier, it has been shown that 
cytochrome cz mediates electrons from ubi- 
quinol : cytochrome c oxidoreductase to photosyn- 
thetic reaction center complex, cytochrome c ox- 
idase, and NO; reductase. Reactions between 
cytochrome cz and these components are affected 
by electrostatic interaction. We have investigated 
whether this is the case for the reaction of NO 
reduction. Fig.3 shows NO reductase activity in the 
reconstituted system as a function of external ionic 
concentration. With increasing ionic concentra- 
tion, the activity decreases. This confirms the func- 
tion of cytochrome cz as a mobile electron carrier 
in electron transfer from duroquinol to NO in the 
reconstituted system. 
These results led to the conclusion that 
cytochrome bci complex and cytochrome cz take 
part in dissimilatory NO reduction in R. sphae- 
roides f.s. denitrificans as in the case of NOT 
reduction [ 13,171. (Although Kundu and Nicholas 
[18] have reported the failure of reduced cyto- 
chrome cz to act as an electron donor to purified 
NO2 reductase of this organism, we confirmed 
that NOt reductase activity was dependent on the 
presence of cytochrome cz in a reconstituted system 
composed of purified bci complex and NOT reduc- 
tase with duroquinol as the reductant.) In the 
Table 1 
Effect of inhibitors for the cytochrome bcr complex on NO reduction and cytochrome c2 reductase activities in the 
reconstituted system 
Inhibitors NO reduction activity Cyt c2 reductase activity 
nmol NzO/s per nmol cyt CI Relative activity nmol cyt CZ/S per nmol cyt c, Relative activity 
None 
20 pM Antimycin 
20 FM Myxothiazol 
20 pM Antimycin 
+ 20cM 
myxothiazol 
0.053 100 0.495 100 
0.027 50.9 0.074 14.9 
0.026 49.1 0.059 11.8 
0.022 41.5 0.039 7.9 
The reaction medium consisted of 50 mM Pipes-KOH (pH 7.0), the preparation of cytochrome bc, complex with NO 
reductase ([cytochrome cl] = 0.67pM), 4.0pM cytochrome cz and inhibitors. The gas phase and initiation of the reaction 
were similar to those in fig.2 
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Fig.3. Dependence of NO reductase activity on ionic strength in 
the reconstituted system. The reaction medium consisted of 50 
mM Pipes-KOH (pH 7.0), the preparation of cytochrome bet 
complex with NO reductase ([cytochrome cl] = 1.5 PM), 29.0 
@M cytochrome c2 and various amounts of KCI. Gas phase and 
the initiation of reaction were similar to those in fig.2. 
reduction of NOT to N20, NO is usually undetec- 
table. Recently, it has been reported that NO can 
be trapped by extracellular hemoglobin [5], in- 
dicating that the NO produced is a freely diffusible 
intermediate. Thus, it is conceivable that NO pro- 
duced in denitrification is caught and reduced by 
NO reductase at a higher rate than the diffusion of 
NO to the gas phase. The rapid trapping and reduc- 
tion of NO might be associated with the sites of 
NO1 and NO reduction both of which are located 
on the periplasmic side of the cytoplasmic mem- 
brane [4]. Differently from other terminal reduc- 
tases for denitrification, NOT, NO1 and N20 
reductases, which are located in the periplasm of 
this bacterium, NO reductase was bound to the 
membrane and co-purified with the cytochrome 
bcr complex when cholate/deoxycholate was used. 
Until we tried the method of Ljungdahl et al. [ 141, 
we had failed to separate NO reductase from the 
cytochrome bcl complex by using several different 
methods. NO reductase may be associated with the 
cytochrome bcr complex in the membrane, and this 
association may play a role in the rapid trapping of 
NO produced by NOT reductase located close to 
NO reductase. Thus, the cytochrome bcr complex, 
NO reductase, cytochrome cz and NO< reductase 
may be closely associated when NO? reduction oc- 
curs. 
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